Allelic polymorphism and expression variation of killer cell immunoglobulin-like receptor (KIR) 3DL1 on natural killer (NK) cells differ among populations. To determine whether the phenotypic variants are due to KIR polymorphism, transcription or copy number, the allelic polymorphism, mRNA levels and antigen expression of KIR3DL1 were assessed in 162 individuals. We characterized 13 KIR3DL1 alleles, five of which were novel. In addition, 21 genotypes were identified. The correlation between the binding patterns of NK cells to anti-KIR3DL1 and KIR3DL1 alleles was also examined. NK cells with different 3DL1 alleles showed distinct binding levels to anti-KIR3DL1. The binding frequencies of NK cells to anti-KIR3DL1 were not accordant with their binding levels, but both associated with the allele copy numbers. The mRNA expression amounts of individuals with two copy alleles were higher than those of individuals with one copy allele. Our data indicate that both the allele copy number and polymorphism of KIR3DL1 influence the antigen expression on the NK-cell surface, but only the copy number was associated with mRNA expression. (2014) 15, 8-15;
INTRODUCTION
Killer cell immunoglobulin-like receptors (KIRs) are glycoproteins expressed on the surface of natural killer (NK) cells and in a few subsets of T cells. KIRs regulate the function of these cells through interaction with human leukocyte antigen class I molecules. 1, 2 NK cell functions are regulated by many KIR-activating and inhibitory receptors that have great genomic diversity among various populations, [1] [2] [3] including KIR3DL1. KIR3DL1 is one of the most important molecules of inhibitory receptors that recognize a subset of human leukocyte antigen-A and -B alleles that express the Bw4 motif at residues 77-83, [4] [5] [6] [7] [8] which are associated with infectious diseases 9 as well as being important in transplant outcome and donor selection. [10] [11] [12] [13] Many clinical studies have shown the importance of a KIR mismatch between the donor KIR repertoire and the recipient ligand repertoire (human leukocyte antigen) in improving the outcome of allogeneic hemopoietic stem cell transplantation for leukemia. 14, 15 However, the correlation between genotype and phenotype in some KIR genes is not very clear. Leung et al. 16 revealed that, although some donors were positive for KIR3DL1 alleles, the KIR3DL1 antigen expression or mRNA transcription was not detected. Moreover, the distribution of KIR3DL1 alleles differed among populations [17] [18] [19] [20] [21] [22] and different alleles showed diverse expression patterns. [23] [24] [25] Therefore, we hypothesized that the levels of transcription and surface expression of KIR3DL1 may be different in a variety of populations.
This divergence may have functional implications in the selection of bone marrow donors from whom a graft-versusleukemia activity of the recipient is sought 26, 27 or when monitoring bone marrow engraftment after transplantation. 28, 29 A more detailed understanding of KIR3DL1 expression is also necessary to determine the precise role of these receptors in transplantation and disease association. To date, the profile of KIR3DL1 alleles on NK cells has been investigated in many populations. 17, [20] [21] [22] However, the relationship between allelic polymorphism, mRNA and antigen expression level of KIR3DL1 is not yet known in the Chinese Han population.
In this study, we investigated gene frequency and allele diversity of KIR3DL1 in 162 unrelated healthy individuals from the Chinese Han population by means of polymerase chain reaction sequence-based typing. The transcription level and surface expression of KIR3DL1 were determined by real-time PCR and flow cytometry, respectively. We characterized the expression patterns of 13 KIR3DL1 alleles, including five that were identified for the first time. Furthermore, the KIR3DL1 polymorphisms of the Chinese Han population were also compared with those in available published data on other populations.
RESULTS
Genotyping for KIR3DL1 and KIR3DS1 gene A total of 162 samples from unrelated donors were collected and studied. PCR-SSP revealed that 151 samples (93.21%) were positive for 3DL1, and 11 samples were negative for 3DL1 but positive for 3DS1. No samples lacking 3DL1 and 3DS1 together were identified in our population. Of the 151 KIR3DL1-positive samples, 47 samples were positive for both 3DL1 and 3DS1. Overall, the data showed that 64.20% of samples were only 3DL1 positive, 6.79% were only 3DS1 positive and 29.01% were both 3DL1 and 3DS1 positive. The frequencies of 3DL1 and 3DS1 were 73.94 and 19.88%, respectively, according to the formula of Hsu et al.
Distribution of KIR3DL1 alleles in the Chinese Han population Thirteen KIR3DL1 alleles were characterized in the Chinese Han population, the frequencies of which were calculated and are listed in Table 1 . Eight were known alleles (3DL1*01502, *00501, *00701, *00101, *020, *029, *025, *00502) and five were novel ones. 3DL1*01502 was the most common allele, with a frequency of 63.67%.
Analysis of novel KIR3DL1 alleles After the cloning and sequence analysis of 3DL1 genes, five novel alleles 3DL1*00503, 3DL1*01504, 3DL1*074, 3DL1*075 and 3DL1*076 were identified. These novel alleles were officially named by the WHO Nomenclature Committee for factors of the human leukocyte antigen System Subcommittee for Killer-cell Immunoglobulin-like receptors in April 2013. 31 The detailed sequence characterization and distribution of the novel alleles are shown in Table 2 . DNA sequences of these five novel alleles have been deposited in GenBank (accession no: KC261297, KC261298, KC261299, KC261300 and KC485344). Compared with the sequence of 3DL1*020, 3DL1*074 had a single-nucleotide substitution C4G at position 263 in the coding region, resulting in an amino acid substitution from Ala to Gly at position 67. 3DL1*075 had a nucleotide substitution T4C at position 607 compared with 3DL1*00501, which caused a transition Ser to Pro at 182. 3DL1*076 arose from 3DL1*01502 with a nucleotide substitution T to G at position 1085, resulting in an amino acid substitution from Leu to Arg at position 341. 3DL1*00503 had a nucleotide substitution C4A at 576 compared with 3DL1*00501. 3DL1*01504 had a G4A at 321 compared with 3DL1*01502, but the substitution of these two new alleles did not result in any amino acid change.
Genotype distribution of KIR3DL1 Of the total 151 individuals who were positive for 3DL1, 62 individuals were heterozygous and 89 were homozygous. According to the 3DL1 copy number assay, no individuals were identified with three or four copies of 3DL1 in our population. The 62 heterozygous individuals were all found with two copies of 3DL1, and the 89 homozygous individuals were divided into two groups: 43 individuals presented two copies of 3DL1 and the other 46 individuals had a single copy of 3DL1. Of the 46 individuals with one copy of 3DL1, 37 (80.43%) were positive for 3DS1, which was coincident with the fact that 3DL1 and 3DS1 genes segregate as allelic variants at the same locus. Of the 105 individuals with two copies of 3DL1, 10 individuals were positive for 3DS1, which implied that the frequency of haplotypes having two copies of 3DL1/S1 was at least 6.17% (10/162). According to the sequencing result and copy number assay, 21 genotypes have been identified. The frequencies of the genotypes are listed in Table 3 (Table 3) . Individuals with two high-binding alleles or two low-binding alleles only exhibited a high or low binding pattern, respectively. However, the heterozygous individuals with both a high-binding allele and a low-binding allele exhibited a bimodal binding pattern (low and high MFIs). For example, 3DL1*00101/*01502 individuals exhibited only a high-binding pattern and 3DL1*00501/*00701 individuals showed a lowbinding pattern, but 3DL1*00501/*01502, *00701/*01502 and *00101/*00701 individuals exhibited bimodal binding patterns ( Table 3) .
The individuals with 3DL1*01502/*020, *01502/*02901 and *020/ *02901 genotypes showed a high-binding phenotype level, confirming that 3DL1*020 and *02901 were responsible for a high-binding phenotype. The individuals with 3DL1*00502/*01502 showed a bimodal binding pattern, which implied that 3DL1*00502, like *00501, was responsible for a low binding level. For five novel alleles, the homozygous individuals with a single 3DL1*01504 exhibited a high-binding pattern. The individuals with 3DL1*00501/*075 and *00501/*00503 demonstrated a low-binding pattern. Moreover, the individuals with 3DL1*00501/*076 and *00501/*074 showed bimodal binding patterns. These findings illustrated that 3DL1*01504, *076 and *074 were high-binding phenotype alleles, whereas 3DL1*00503 and *075 were lowbinding phenotype alleles.
The frequencies of NK cells binding to anti-KIR3DL1 were also variable in the individuals (Table 3) , and the binding frequencies were not well in agreement with the binding levels ( Figure 1b) , which showed that 3DL1*01502, *025 and *01504 exhibited relatively low binding frequencies. Polymorphism and expression variation of KIR3DL1 S Tao et al
Relative mRNA transcription level of KIR3DL1 alleles The relative gene expression level was analyzed using equation 2 À DCp and is presented in Table 3 . The influences of the copy number on RNA transcription and 3DL1 expression on the NK cell surface were also explored. The average mRNA expression amount was not significant between heterozygous individuals (3DL1*00701/*01502, *00101*/01502, *01502*/020, *01502/*02901, *00101/*00701, *00501/*00701, *00501/*01502 genotypes) and homozygous individuals with two copy alleles (3DL1*01502*/ 01502, *00501/*00501 genotypes) ( Figure 3 , P40.05).
Heterozygous individuals having a low-binding phenotype allele (3DL1*00501/*00501, *00501/*01502, *00501/*00701, *00101/*00701 and *00701/*01502) showed an indistinctive transcription level (Figure 2a ). The mRNA expression amounts of homozygous individuals only having a low binding phenotype allele (3DL1*00501/-and 3DL1*00701/-) were similar to those of individuals with other alleles (Figure 2b ). These data indicated that the low binding levels of 3DL1*00501 and 3DL1*00701 to anti-KIR3DL1 may not be due to low transcription level. Statistical analysis showed that the average transcription level was not significantly different among individuals carrying two copies or individuals carrying one copy.
Influence of allele copy number on the expression of mRNA and 3DL1 phenotype As shown in Table 3 and Figure 3 , the mRNA expression levels in the individuals with one copy 3DL1 were lower than those of individuals with two copies of 3DL1 (Figure 3a ). Furthermore, the binding level of individuals with a single copy 3DL1 was also lower than those of individuals with two copies of 3DL1 (Table 3 , Figure 3b ). Interestingly, the binding frequencies of NK cells to anti-3DL1 were also associated with allele copy number. Figure 3c showed that the binding frequencies of individuals with two highbinding phenotype alleles were obviously higher than those of individuals with one high-binding phenotype allele. Nevertheless, the binding frequencies of the individuals with one low-binding phenotype allele showed no significant difference compared with those of individuals with two low-binding phenotype alleles. DISCUSSION KIR3DL1 has shown extensive genetic variants, and its variation has functional significance in terms of cell surface expression levels and inhibitory capacity, which could affect susceptibility or resistance to some diseases. A total of 69 KIR3DL1 alleles have been officially named according to the IPD/KIR Database 2.4.0 version. 31 The profile of KIR3DL1 alleles has been investigated in a variety of populations. However, the data on allelic diversity for KIR3DL1 in the Chinese Han population are very limited, especially data on the association between the allele polymorphism, mRNA transcription and 3DL1 expression on NK cells. In the present study, we thoroughly investigated the 13 different KIR3DL1 allelic variants in the Chinese Han population. 3DL1*01502 is the most common allele found in the Chinese Han population, which is similar to the finding in East and Southeast Asian populations as reported by Norman et al. 17 The frequencies of KIR3DL1*01502, 3DL1*00501, 3DL1*00701 and 3DL1*00101 are considered relatively high, consistent with those of Taiwan Han and Japanese populations. 18, 19 However, the frequencies of 3DL1*01502 are 29.50% and 45.70% in the Taiwan Han population and Japanese population, respectively, whereas that of 3DL1*01502 is 63.67% in the Chinese Han population. The distribution of KIR3DL1 in our study is different from that of Caucasian and African-American populations. 20 ,21 3DL1*002 and 3DL1*00401 reported as the most common KIR3DL1 alleles in the 
Polymorphism and expression variation of KIR3DL1 S Tao et al
England population 20 and 3DL1*00401, *01501 and *017, *031 reported as common in the African-American population, 21 however, are not identified in the Chinese Han population. Moreover, most previous studies on KIR3DL1-positive individuals did not detect the copy numbers of KIR3DL1, nor did they perform a family study, which may affect the accuracy of frequency of KIR3DL1.
On the basis of the sequence of coding regions and copy number assays, accurate frequencies of KIR3DL1 alleles were obtained in our study. Of the 13 identified alleles, five are novel and have been officially named. The diversity of these alleles in the Chinese population indicates that the KIR3DL1 locus shows a high degree of genetic polymorphism in the population. Most of the individuals with one copy 3DL1 were also positive for 3DS1, which implied that there was a low-frequency 3DL1/S1 deletion haplotype present in this population. No samples having three or four copies of 3DL1 were identified in our population, but the frequency of haplotypes having two copies of 3DL1 was 0.07% in the populations of the United Kingdom and United States. 32 The frequency of haplotypes having two copies of 3DL1/S1 at least was 6.17% in our population, which was similar to that of the Taiwan-Chinese population according to the report of Norman et al. 33 Flow cytometric results revealed that alleles 3DL1*01502, *00101, *020 and *02901 determined a high-binding phenotype, whereas 3DL1*00501 and *00701 determined a low-binding phenotype, which was similar to the report of Gardiner et al.
34
Our results also confirmed that 3DL1*025 and *01504 showed a high-binding phenotype. Interestingly, 3DL1*004 reported to not bind to anti-3DL1, was not identified, which suggested that the 3DL1*004 allele was rare in the Chinese Han population.
A total of 151 individuals were subdivided into three binding level patterns according to the MFI measured by flow cytometry. Heterozygotes for high-and low-binding KIR3DL1 alleles have distinct subpopulations of NK cells that bind anti-KIR3DL1 at high and low levels, giving characteristic bimodal distributions in the flow cytometry, which implied that the two alleles of heterozygotes are independent for producing its corresponding phenotype.
A previous study reported that the 182Pro and 283Try in the extracellular domains were considered as key amino acids, and substitutions in these two positions acted to reduce the affinity of binding to anti-3DL1. However, the novel allele 3DL1*075, which had one amino acid change from Trp to Leu at position 283 compared with the high-binding phenotype allele *00101 and only had an amino acid different at 182 compared with the lowbinding phenotype allele *00501, also showed a low-binding phenotype. This suggested that amino acid at position 283 was crucial for the binding phenotype, but position 182 might not be correlated to the binding affinity. The results of other novel alleles (3DL1*00503, *01504, *074 and *076) also did not alter the binding phenotypes compared with their referenced alleles. 3DL1*00503 and *01504 did not cause amino acids to change, but 3DL1*074 and *076 differ from *020 (high-binding phenotype) and *01502 (high-binding phenotype) by one amino acid at positions 67 and 341, respectively, and still retain a high-binding phenotype, which suggested that the amino acids at position 67 and 341 might not be significant for the binding affinity. The findings should be further confirmed in future investigations.
The binding frequencies of NK cells to anti-3DL1 were also varied, but not consistent with the binding levels, which was similar to the findings by Gardiner et al. 34 Furthermore, the copy number affected the 3DL1 expression on NK cells. Individuals with two copy alleles exhibited higher binding levels to anti-KIR3DL1. However, the binding frequency data showed that the copy number affected only the individuals having high-binding phenotype alleles. Most studies have shown that the mRNA expression of KIR genes is remarkably variable among the individuals. 34, 35 However, our results showed that the transcription abundance of the individuals with two copy alleles was higher than that of individuals with one copy allele. The difference in the mRNA transcription amounts among the 3DL1 alleles was not significant. Moreover, there are still several individuals exhibiting unusual low or high mRNA expression among the individuals with the same genotype (data not shown). This could be due to the polymorphism in the KIR3DL1 promoter. 36 The proximal promoter of KIR3DL1 is polymorphic at transcription factor binding sites known to affect promoter activity, 37 and it has recently been shown that the promoter region possesses bidirectional transcription activity, which may affect the frequency of NK cells expressing a given KIR within a given individual.
Taken together, our data support and extend the contention that the diversity of 3DL1 was different in various populations, and surface expression was also variable in different 3DL1 alleles. The antigen expression difference is associated with the allelic polymorphism and copy number of the 3DL1 allele. The mechanism of the discrepancy between mRNA and antigen expression can be further researched in future studies, which may help understand the functional heterogeneity of KIR3DL1 and offer useful information for donor selection.
MATERIALS AND METHODS

Samples and nucleic acid extraction
A total of 162 samples were collected from volunteer healthy blood donors at Blood Center of Zhejiang province, China. Informed consent was obtained from all participants. This study was approved by the regional ethics committee in Blood center of Zhejiang Province. The ethnic background of these samples is Han. Peripheral blood mononuclear cells were isolated from buffy coats using lymphocyte separation medium after density gradient centrifugation. Total RNA was extracted from peripheral blood mononuclear cells using QIAamp RNA blood mini kits (Qiagen, Shanghai, China) and stored at À 80 1C until use. Genomic DNA was Figure 3 . Influence of allele copy number on mRNA expression and allotype expression. (a) The influence of copy number on mRNA expression in single-versus two-copy alleles. Six groups were formed, including the individuals with one copy allele (1 Â 00501, 1 Â 01502) and the corresponding homozygous individuals with two copy alleles (2 Â 00501, 2 Â 01502), all individuals with a single copy allele (all one copy), all individuals with two copy alleles (all two copy). The average transcription levels in the individuals with one copy allele were lower than those of individuals with two copies (1 Â 01502 vs 2 Â 01502; all one copy vs all two copy); the 1 Â 00501 allele group was detected on only two occasions and was not suitable for statistical analysis, but the average transcription of the 2 Â 00501 group was twice that of the 1 Â 00501 group. (b) The influence of copy number on the binding level of NK cells to anti-KIR3DL1. Eight groups were formed, 1 Â 00501, 1 Â 01502, 2 Â 00501, 2 Â 01502, all individuals with a single low-binding phenotype allele (1 Â low), all individuals with two low-binding phenotype alleles (2 Â low), all individuals with a single highbinding phenotype allele (1 Â high) and all individuals with two high-binding phenotype alleles (2 Â high). The binding levels in the individuals with one copy allele were significantly lower than those in the individuals with two copies. (c) The influence of copy number on binding frequencies. Significant difference was observed between two high-binding phenotype group and one high-binding phenotype group. The 1 Â 00501 group was detected on only two occasion and was not suitable for statistical analysis, but the binding frequency of the 2 Â 00501 group was slightly higher than that of the 1 Â 00501 group.
extracted from buffy coats using QuickGene DNA whole-blood kits on a QuickGene Mini80 Nucleic Acid Isolation Device (FujiFilm Corporation, Tokyo, Japan) according to the manufacturer's instruction.
KIR3DL1 and KIR3DS1 detection by PCR-SSP method
To verify the presence or absence of the KIR3DL1 and KIR3DS1 genes, PCR sequence specific primers for KIR3DL1 and KIR3DS1 were designed, as we previously described. 38 PCR amplification for the complete coding region of the KIR3DL1 gene
The complete coding region including exons 1 À 9 of KIR3DL1 was amplified using four pairs of overlapping primers (Table 4) . 39 Primer pair 1 amplifying a 3.5 kb amplicon anneals in 5 0 upstream region and in exon 4; primer pair 2 amplifying a 3.2 kb amplicon anneals in exons 3 and 5; primer pair 3 amplifying a 8.7 kb amplicon anneals in exons 5 and 9; and primer pair 4 amplifying a 1.7 kb amplicon anneals in exons 4 and 5. All the PCR reactions were performed in 25 ml volume containing about 100 ng genomic DNA in 1 Â LA buffer, 0.5 mmol l Genotyping for KIR3DL1 gene
The purified PCR amplicons were used as templates in direct sequencing using BigDye3.1 terminator cycle sequencing kits (Applied Biosystems, Foster City, CA, USA). The sequencing primers were designed according to the previous report with minor modification 39 ( Table 4 ). The thermocycling condition was set as follows: 96 1C for 1 min, followed by 25 cycles at 96 1C for 10 s, 50 1C for 5 s and 60 1C for 4 min. The sequence reaction products were processed with an ABI 3730 DNA Analyzer and the data were analyzed with SeqScape 2.5 software (Applied Biosystems). All nucleotide sequences obtained were compared with the standard KIR3DL1 polymorphisms from the immunopolymorphism database-KIR database (www.ebi.ac.uk/ipd/kir) and each variant was analyzed and recorded. Copy number assay was performed for all the samples to detect whether the samples carried one, two or more copies of the KIR3DL1 gene as previously reported. 35 Cloning of novel KIR3DL1 alleles Novel KIR3DL1 alleles were identified in some samples. To confirm these novel alleles, coding sequences of the five samples were amplified and directly ligated into the pCR4-TOPO vector using a TOPO cloning sequencing kit (Invitrogen Co., Carlsbad, CA, USA) according to the manufacturer's instruction. Recombinant colonies of the samples on LuriaBertani plates were randomly selected. Plasmid DNA was extracted from each colony with 3S Spin Plasmid Miniprep Kits (Shenergy Biocolor, Shanghai, China) and subjected to KIR3DL1 sequencing reactions. Confirmed novel alleles were submitted to Genbank and the immunopolymorphism KIR database. 31 Real-time quantification PCR for KIR3DL1 mRNA cDNA was reverse transcribed from 5 mg total RNA using oligo(dT) 20 primer and superscript III reverse transcriptase (Invitrogen Corporation, Brown Deer, WI, USA). Real-time quantitative PCR was performed using the published primers combined with a short locked nucleic acid hydrolysis probe from a pre-designed genome-wide probe library (Roche, Shanghai, China). 35, 40 Each amplification reaction was performed with 2 ml of cDNA, 4 ml of 5 Â buffer, 0.2 mmol l À 1 of each dNTP, 0.5U Go-Taq polymerase (Promega), 0.2 ml locked nucleic acid probe and 0.5 mmol l À 1 forward and reverse primers in a final reaction volume of 20 ml. The cycling parameter was 95 1C for 5 min, followed by 40 cycles at 94 1C for 30 s and 60 1C for 60 s. The NKp46 gene was used as an internal control, as in the study by McErlean C et al., 35 and was used to normalize the difference in the amount of cDNA contained in each initial reaction and each sample and was carried out in a parallel control experiment. The reaction was performed with a chromo 4 four-color real-time PCR detection system (BioRad, Hercules, CA, USA). The Cp value is directly related to amplicon abundance and commonly used for the parameter of quantification. Relative quantification was obtained with respect to the housekeeping gene NKp46 and was estimated by the 2 À DCp method, 41 where DCp ¼ Cp (KIR3DL1) À Cp (NKp46). ) in a 100 ml experimental solution were labeled with 10 ml PE-anti-CD56 and 10 ml FITC-anti-KIR3DL1 at room temperature, protected from light. After 15 min incubation, 400 ml FACS lysing solution (Becton Dickinson) was added and mixed together. An additional 15 min later, samples were acquired on a FACScan flow cytometer measuring at least 10 000 cells and analyzed by Cellquest 1.1 software (Becton Dickinson). The binding frequencies of NK cells to antibody and the MFI representing the binding ability were measured.
Statistical analysis
On the basis of the assumption of Hardy-Weinberg equilibrium, KIR gene frequencies were calculated using the formula of Hsu et al. 30 The observed frequencies of KIR genotypes and alleles were determined by the ratio of genotypes and alleles present in the population to the total number of samples and alleles, respectively. The expression diversity in the different alleles was estimated by the Mann À Whitney test. In figures, ns indicates not significant; * indicates Po0.05; ** indicates Po0.01 and *** indicates Po0.001. The above statistical analyses were performed using GraphPad software (GraphPad, La Jolla, CA, USA).
